The hippocampus, being sensitive to stress and glucocorticoids, plays significant roles in certain types of learning and memory. Therefore, the hippocampus is probably involved in the increasing drug use, drug seeking, and relapse caused by stress. We have studied the effect of stress with morphine on synaptic plasticity in the CA1 region of the hippocampus in vivo and on a delayed-escape paradigm of the Morris water maze. Our results reveal that acute stress enables long-term depression (LTD) induction by low-frequency stimulation (LFS) but acute morphine causes synaptic potentiation. Remarkably, exposure to an acute stressor reverses the effect of morphine from synaptic potentiation (ϳ20%) to synaptic depression (ϳ40%), precluding further LTD induction by LFS. The synaptic depression caused by stress with morphine is blocked either by the glucocorticoid receptor antagonist RU38486 or by the NMDA-receptor antagonist D-APV. Chronic morphine attenuates the ability of acute morphine to cause synaptic potentiation, and stress to enable LTD induction, but not the ability of stress in tandem with morphine to cause synaptic depression. Furthermore, corticosterone with morphine during the initial phase of drug use promotes later delayed-escape behavior, as indicated by the morphine-reinforced longer latencies to escape, leading to persistent morphine-seeking after withdrawal. These results suggest that hippocampal synaptic plasticity may play a significant role in the effects of stress or glucocorticoids on opiate addiction.
Introduction
The molecular and cellular changes that occur with the transition from drug taking to compulsive use are understood only partially. Addictive drugs likely engage learning mechanisms in brain regions including the hippocampus (White, 1996; Koob et al., 1998; Robbins and Everitt, 1999; Berke and Hyman, 2000; Hyman and Malenka, 2001; Nestler, 2001a) . Drug-associated memories may be encoded in the hippocampus (Holden, 2001; Nestler, 2001b) , and thus low-frequency electric stimulation in the hippocampus may read out the memories and induce relapse (Vorel et al., 2001 ). On the other hand, evidence has revealed that stress or glucocorticoids play a significant role in determining the propensity of an individual to drug abuse, and in increasing drug seeking and relapse (Erb et al., 1996; Piazza and Le Moal, 1996; Shaham et al., 2000; Sinha, 2001; Deroche-Gamonet et al., 2003) . Drug seeking and relapse also can be triggered by cues or drugs, but the underlying mechanisms may differ from stress (Sutton et al., 2003; Stewart, 2003) . Stress may interact with drug addiction through a common mechanism of synaptic plasticity in the ventral tegmental area (VTA) (Saal et al., 2003; Kauer, 2003) . However, the role of the hippocampus in the interaction between stress and drug addiction has been studied only rarely.
Activity-dependent hippocampal synaptic plasticity, e.g., long-term potentiation (LTP), is believed to underlie certain types of learning and memory (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999; Martin et al., 2000) . Previous studies have shown that stress or glucocorticoids block or facilitate memory and affect LTP and long-term depression (LTD) in the hippocampus (Shors et al., 1989; McEwen, 1994; Diamond et al., 1996; Kim et al., 1996; Xu et al., 1997 Xu et al., , 1998a de Quervain et al., 1998; Conrad et al., 1999; Mizoguchi et al., 2000) . Similarly, opiates affect cognitive function (Beatty, 1983; Classen and Mondadori, 1984; Guerra et al., 1987; Li et al., 2001 ) facilitate (Mansouri et al., 1999) or inhibit (Terman et al., 1994; Pu et al., 2002 ) LTP, and facilitate LTD (Wagner et al., 2001 ) in the hippocampus. Furthermore, stress modifies morphine responses in behavior (Olley et al., 1990; Deroche et al., 1992) , and morphine influences the effect of stress on synaptic plasticity and behavior (Fratta et al., 1977; Shors et al., 1990; Scheggi et al., 2000) .
The hypothalamo-pituitary-adrenocortical axis is the common pathway activated by addictive drugs and stress. Morphine induces stress levels of corticosterone (Buckingham and Cooper, 1984; Pirnik et al., 2001 ), but chronic morphine use leads to a complete tolerance of this effect (Buckingham and Cooper, 1984; Pechnick, 1999) . Here, stress or glucocorticoids may have made the difference between drug taking and drug addiction because evidence has demonstrated that the glucocorticoid receptor is a major substrate for drug abuse (De Vries et al., 1996; DerocheGamonet et al., 2003) . Thus, we have hypothesized that stress or glucocorticoids during the initial phase of opiate use may lead to some adaptations of the hippocampal synaptic plasticity related to the effects of stress or glucocorticoids on opiate addiction.
Materials and Methods

Animals
Experiments were performed on male Sprague Dawley rats (inbred strain, Animal House Center, Kunming General Hospital, Kunming, or BioResources Unit, Institute of Psychology, Beijing), weighing 200 -250 gm. Animals were group-housed, with ad libitum access to water and food in the established animal houses, with a 12 hr light/dark cycle and a thermoregulated environment. The animal care and experimental protocol was approved by The Chinese Academy of Sciences.
Chronic morphine in electrophysiological studies
Animals were chronically treated with morphine (10 mg/kg, s.c.) twice per day at 12 hr intervals for 12 d as described previously (Trujillo and Akil, 1991; Pu et al., 2002) . A lower dose of morphine (2 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , s.c.) was chronically administered to two groups of animals using the same regimen.
Electrophysiological studies
Recordings of the field EPSPs were made from the CA1 stratum radiatum of the hippocampus in response to ipsilateral stimulation of the Schaffer collateral/commissural pathway using techniques similar to those described previously (Xu et al., 1998a; Wei et al., 2002; Xiong et al., 2003) . Experiments were performed under pentobarbital sodium (50 -60 mg/ kg, i.p.) anesthesia, and the core temperature was maintained at 37 Ϯ 0.5°C. Animals were ventilated with 95% O 2 and 5% CO 2 to avoid the possible depressive effect of morphine on respiration. Recording and stimulating electrodes were made by gluing together a pair of twisted Teflon-coated 90% platinum and 10% iridium wires (50 m inner diameter, 75 m outer diameter; World Precision Instruments, Sarasota, FL). Test EPSPs were evoked at a frequency of 0.033 Hz and at a stimulation intensity adjusted to give an EPSP amplitude of 50% maximum response. The low-frequency stimulation protocol for inducing LTD consists of 900 pulses at 3 Hz. The LTD was measured as the mean percentage Ϯ SEM of the baseline EPSP amplitude recorded over at least a 40 min baseline period.
Stress and nonstress protocol in electrophysiological studies.
Behavioral stress was evoked by elevated platform stress as described previously (Xu et al., 1997 (Xu et al., , 1998a Xiong et al., 2003; Rocher et al., 2004) . The animals were anesthetized immediately after the stress procedure. Nonstressed animals were carefully taken out of their home cage and anesthetized immediately.
Behavior studies: apparatus
The Morris water maze consists of a circular pool (200 cm diameter, 75 cm depth) filled with milk-diluted water at 21.0 Ϯ 0.5°C. An automatic tracking system was used to record latencies and swimming distances for offline analysis.
Training procedures
Stage 1: addictive training (days 1-5). Animals rapidly adapt to the elevated platform stress, used in the present electrophysiological studies, in a few days .
, the principal glucocorticoid hormone in the rat, was used in behavioral studies. Low doses of morphine (2 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 or 0.66 mg ⅐ kg Ϫ1 ⅐ trial Ϫ1 , i.p.) were used to avoid the impairment of motor activity and cognitive function. A low dose of morphine is also crucial in determining the sensitivity of the delayedescape paradigm in the Morris water maze. Fifty-five rats were divided into four treatment groups (supplemental Table 1 , available at) during this stage: saline (Sal), corticosterone (Cor), morphine (Mor), corticosterone with morphine (C-M; morphine immediately after corticosterone).
Addictive training was conducted in the absence of a hidden platform. Animals were allowed free swimming in the water maze for three trials with 2 hr intertrial intervals per day. Each trial lasted 120 sec on the first day and 60 sec on the next 4 d. Each animal was administered a treatment immediately after each trial. Addictive training allows an animal to adapt to the water maze rapidly. Animals showed mild stress (defecation) on the first trial of the whole training. To minimize behavioral stress during training, each animal was handled for 3 d before training, each training trial was reduced to 60 sec, and each animal was dried with a towel after each trial.
Stage 2: reinforced or nonreinforced training (days 6 -10). The four groups were then divided into 10 subgroups (supplemental Table 1 , available at) and trained to find the hidden platform (7.5 ϫ 7.5 cm, 1.5 cm below the surface of the water) in 60 sec in three trials with 2 hr intertrial intervals per day for 5 d. An animal was given a reward in the reinforced training if it did not climb onto the hidden platform in 60 sec; an animal was treated with saline if it climbed onto the hidden platform in 60 sec. For comparison, an animal was randomly given a reward or saline in the nonreinforced training regardless of whether it climbed onto the hidden platform in 60 sec.
The reward was either morphine (Mor) or corticosterone with morphine (C-M, morphine immediately after corticosterone). Total morphine exposure was normalized between groups by supplemental injections in the evening (20:00) each day. Total corticosterone was also normalized between treated groups using the same procedure each day.
A low dose of morphine effectively rewarded the escape with a delay in the reinforced training. That is, an animal was able to escape but performed a delayed escape (delayed-escape behavior). The nonreinforced group received the same treatment as the reinforced group, providing comparable information about motor activity and cognitive function for its counterpart, the reinforced group.
Stage 3: extinction test procedures (days 15, 20, and 29) . Extinction of the learned delayed-escape was tested by escape latencies to the hidden platform, three trials with 2 hr intertrial intervals. Each trial lasted 120 sec, and all animals escaped to the hidden platform during this period. Morphine-seeking is the delayed-escape behavior without reward, as indicated by longer latencies to escape. The first extinction test was conducted on day 15 after withdrawal for 5 d. The second and third extinction tests were conducted on days 20 and 29 after withdrawal for 10 and 19 d, respectively. Each animal was given a priming injection of morphine (0.01 mg/kg, i.p.) 10 min before the last extinction test on day 29.
Data analysis
Statistical comparisons in electrophysiological and behavioral studies were made by using the t test or the least significance difference test of one-way ANOVA (SPSS 10.0; SPSS, Chicago, IL). The significance level was set at p Ͻ 0.05.
Results
Effect of stress or acute morphine on hippocampal synaptic efficacy The first set of experiments determined the effect of stress or acute morphine on the field EPSP in the CA1 region of the hippocampus of anesthetized rats. As expected, low-frequency stimulation (LFS) failed to induce LTD in nonstressed animals (Fig.  1a , white circles) (n ϭ 4; 102.5 Ϯ 0.7% of baseline 60 min after LFS; p Ͼ 0.05 compared with baseline). However, stressing rats by placing them on an elevated platform for 30 min immediately before anesthesia enabled LFS to induce LTD (Fig. 1a , black circles) (n ϭ 5; 85.5 Ϯ 1.0% of baseline 60 min after LFS; p Ͻ 0.05 compared with baseline), in agreement with previous reports in vivo (Xu et al., 1997 (Xu et al., , 1998a Xiong et al., 2003) and in vitro (Kim et al., 1996) . The stress-enabled LTD induction was blocked by the glucocorticoid receptor antagonist RU38486 (20 mg/kg, s.c., immediately after stress; n ϭ 4; 100.3 Ϯ 1.5% of baseline 40 min after LFS; p Ͼ 0.05 compared with baseline) (Fig. 1b) , in agreement with a previous report (Xu et al., 1998a) . On the other hand, a single exposure to morphine of nonstressed animals ( Fig. 1c , arrow) (3 mg/kg, i.p.) induced a synaptic potentiation of the field EPSP amplitude (Fig. 1c , white circles) (n ϭ 5; 119.3 Ϯ 1.2% of baseline 60 min after morphine injection; p Ͻ 0.05 compared with baseline or saline), significantly different from saline control (Fig. 1c , white diamonds) (n ϭ 4; 99.5 Ϯ 1.4% of baseline 60 min after saline injection; p Ͼ 0.05 compared with baseline; p Ͻ 0.05 compared with the potentiation after morphine injection). Moreover, the morphine-induced synaptic potentiation was maintained for at least 400 min and then tended to decline (n ϭ 5; 122.4 Ϯ 1.0% of baseline 400 min after morphine injection and 105.8 Ϯ 2.4% of baseline 560 min after morphine injection; both p Ͻ 0.05 compared with baseline) (Fig. 1d) . The result is consistent with the synaptic plasticity changes described in the VTA by a single exposure of cocaine (Ungless et al., 2001; Saal et al., 2003) . Low-frequency stimulation 30 min after morphine injection was able to induce LTD in nonstressed animals (n ϭ 5; 88.9 Ϯ 5.3% of baseline 60 min after LFS; p Ͻ 0.05 compared with baseline) (Fig.  1e ), in agreement with the finding that morphine facilitated LTD induction by LFS (Wagner et al., 2001) .
Stress in tandem with acute morphine on hippocampal synaptic efficacy
Because the interaction between stress and drug addiction is evident, we have studied the effect of stress with morphine on hippocampal synaptic efficacy. A single exposure to morphine (Fig. 2a , arrow) (3 mg/kg, i.p.) of stressed animals induced a remarkable depression of the field EPSP amplitude (n ϭ 5; 64.0 Ϯ 2.5% of baseline 90 min after morphine exposure; p Ͻ 0.05 compare with baseline). The synaptic depression precluded further LTD induction by LFS (n ϭ 5; 74.8 Ϯ 1.0% of baseline 60 min after LFS and 90 min after morphine exposure; p Ͻ 0.05 compared with baseline; p Ͼ 0.05 compared with Fig. 2a,b ). Although this synaptic depression is large (ϳ40%) compared with numerous reported LTDs in vivo, it was blocked by the glucocorticoid receptor antagonist RU38486 (20 mg/kg, s.c., immediately after stress; n ϭ 7; 98.7 Ϯ 0.6% of baseline 90 min after morphine exposure; p Ͼ 0.05 compared with baseline) (Fig. 2c) , and by the NMDAreceptor antagonist D-APV (bar; 6 l; 120 nM, i.c.v.) given 6 -8 min before morphine injection (n ϭ 5; 100.8 Ϯ 0.6% of baseline 90 min after morphine exposure; p Ͼ 0.05 compared with baseline) (Fig. 2d) . These results suggested that the stress-activated glucocorticoid receptor was interacting with the effect of acute morphine and then elicited a novel form of the NMDA-receptordependent synaptic plasticity.
Stress in tandem with morphine re-exposure on hippocampal synaptic efficacy after chronic morphine
The results that exposure to an acute stressor reversed the effect of acute morphine from synaptic potentiation to synaptic depression led us to examine the effect of stress in tandem with morphine re-exposure after chronic morphine treatment. Animals were chronically treated with morphine (10 mg/kg, s.c.) twice per day for 12 d, a procedure known to produce significant tolerance to and dependence on the drug (Trujillo and Akil, 1991; Pu et al., 2002) . Two groups of animals were chronically treated with a lower dose of morphine (1 mg/kg, s.c.) using the same procedure.
First, we have studied the effect of stress or morphine reexposure on synaptic efficacy after chronic morphine. A single re-exposure to morphine (Fig. 3a, arrow) (3 mg/kg, i.p.) of nonstressed animals failed to induce synaptic potentiation (2 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 chronic morphine, s.c.; n ϭ 4; 102.1 Ϯ 0.4% of baseline 90 min after morphine re-exposure; p Ͼ 0.05 compared with baseline). Similarly, morphine re-exposure failed to induce synaptic potentiation after a higher dose of chronic morphine (Fig. 3b, arrow) (20 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , s.c.; 3 mg/kg of morphine in re-exposure, i.p.), and subsequent LFS failed to induce LTD (n ϭ 5; 100.8 Ϯ 0.6% of baseline 30 min after morphine re-exposure; 101.3 Ϯ 0.6% of baseline 60 min after LFS; p Ͼ 0.05 compared with baseline) (Fig. 3b) . Moreover, stress no longer enabled LTD Figure 1 . Effect of stress or acute morphine on hippocampal synaptic efficacy. a, LFS (3 Hz; bar) failed to induce LTD in nonstressed animals (white circles; n ϭ 4; 102.5 Ϯ 0.7% of baseline 60 min after LFS; p Ͼ 0.05 compared with baseline). However, stress before anesthesia enabled LTD induction by LFS (3 Hz, bar; black circles; n ϭ 5; 85.5 Ϯ 1.0% of baseline 60 min after LFS; p Ͻ 0.05 compared with baseline). b, The stress-enabled LTD was blocked by the glucocorticoid antagonist RU38486 (20 mg/kg, s.c., immediately after behavioral stress; n ϭ 4; 100.3 Ϯ 1.5% of baseline 40 min after LFS; p Ͼ 0.05 compared with baseline). c, A single exposure to morphine (arrow; 3 mg/kg, i.p.) of nonstressed animals elicited synaptic potentiation (white circles; n ϭ 5; 119.3 Ϯ 1.2% of baseline 60 min after morphine injection; p Ͻ 0.05 compared with baseline). A saline control (arrow) did not affect the field EPSP amplitude (white diamonds; n ϭ 4; 99.5 Ϯ 1.4% of baseline 60 min after saline injection; p Ͼ 0.05 compared with baseline). d, The morphine-induced potentiation was maintained for at least 400 min and then tended to decline (n ϭ 5; 122.4 Ϯ 1.0% of baseline 400 min after morphine injection and 105.8 Ϯ 2.4% of baseline 560 min after morphine injection; both p Ͻ 0.05 compared with baseline). e, LFS (3 Hz; bar), 30 min after morphine exposure (arrow; 3 mg/kg, i.p), enabled LTD induction (n ϭ 5; 88.9 Ϯ 5.3% of baseline 60 min after LFS; p Ͻ 0.05 compared with baseline).
induction by LFS in the addicted animals (20 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 chronic morphine, s.c.; n ϭ 7; 97 Ϯ 0.6% of baseline 60 min after LFS; p Ͼ 0.05 compared with baseline) (Fig. 3c) . Second, the combinatorial effect of stress with morphine was studied. After chronic morphine (20 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , s.c.), a single re-exposure of morphine (Fig. 4a, arrow) (3 mg/kg, i.p.) to stressed animals still elicited a remarkable synaptic depression (n ϭ 4; 70.2 Ϯ 1.7% of baseline 90 min after morphine re-exposure; p Ͻ 0.05 compared with baseline). The synaptic depression also precluded further LTD induction by LFS (n ϭ 5; 61.0 Ϯ 3.8% of baseline 60 min after LFS and 90 min after morphine re-exposure; p Ͻ 0.05 compared with baseline; p Ͼ 0.05 compared with Fig. 4a,b) . A similar synaptic depression was induced by morphine re-exposure (Fig. 4 c, arrow; 3 mg/kg, i.p.) after a lower dose of chronic morphine (2 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , s.c.), and maintained for at least 400 min (n ϭ 6; 62.1 Ϯ 1.9% of baseline 400 min after morphine re-exposure; p Ͻ 0.05 compared with baseline; p Ͼ 0.05 compared with Fig. 4a,b) .
These results suggested that chronic morphine led to the tolerance of morphine to induce synaptic potentiation and morphine to enable LTD induction by LFS. Chronic morphine also led to the loss of stress to enable LTD induction by LFS. However, the ability of stress with morphine after chronic morphine treatment remained unchanged in eliciting synaptic depression.
Multiple comparisons
Additional comparisons of these results between naive and chronic morphine in the stress-enabled LTD induction by LFS, morphine-induced synaptic potentiation, and stress with morphine-induced synaptic depression are shown in Figure 5a . Stress enabled LTD induction by LFS in naive (Fig. 1a , black circles) but not after chronic morphine (Fig. 3c) (summarized in Fig. 5a , StressϩLFS). Morphine induced synaptic potentiation in naive (Fig. 1c-e) but not after chronic morphine (Fig. 3a, Fig.  5a , Morphine). However, stress with morphine induced synaptic depression both in naive (Fig. 2a,b) and after chronic morphine (Fig. 4a,b, 20 Fig. 5a , StressϩMorphine). The baseline of the field EPSP amplitude (50% maximum response) was also compared between stressed and nonstressed animals. The data included the studies in the present and in the past years under the same conditions. There was no significant difference in the baseline EPSP amplitude between stressed and nonstressed animals (Fig. 5b) . The present results suggest that these synaptic plasticity changes might play some role in opiate addiction. A delayedescape paradigm of the Morris water maze was then used to assess the effect of corticosterone with morphine in the initial phase of drug use on later morphine-associated learning.
Corticosterone with morphine on a delayed-escape paradigm of the Morris water maze
Corticosterone with morphine was used in the present studies because stress raises plasma corticosterone levels and affects synaptic plasticity (Shors et al., 1989; Xu et al., 1997) , and the glucocorticoid receptor plays significant roles in drug addiction (Deroche et al., 1997; Marinelli et al., 1998; Sillaber et al., 1998; Deroche-Gamonet et al., 2003; Saal et al., 2003) .
The Morris water maze is widely used for the studies of hippocampal function in learning and memory (Morris, 1989; Morris et al., 1982) . In the present studies, an animal was rewarded for a delay of escape (delayed-escape) in the spatial learning task of the Morris water maze. To mimic the initial phase of opiate use, we treated animals with morphine immediately after corticosterone (C-M), saline (Sal), corticosterone (Cor), morphine (Mor) during 5 d of addictive training (supplemental Table 1 , available at). Each treated group was then divided into reinforced (R) or nonreinforced (N) training. In the reinforced training, if the animal avoided escape for reward or escaped to the hidden platform within 60 sec, the animal was accordingly given a reward or saline immediately. In the nonreinforced training, the animal was given a reward or saline randomly, immediately after each trial. One reinforced group and its counterpart, the nonreinforced group, were rewarded corticosterone with morphine (C-M) to assess its effect on delayed-escape behavior after previous repeated exposure. The other groups were rewarded with morphine (Mor) to assess the effect of previous repeated exposure.
With the exception of Sal_Mor/R, all reinforced groups, Cor_Mor/R, Mor_Mor/R, C-M_Mor/R, and C-M_C-M/R (Fig.  6a, black symbols) , showed significant delayed-escape behavior, as indicated by longer latencies to escape, over 5 d of training, compared with their counterparts, the nonreinforced groups, Cor_Mor/N, Mor_Mor/N, C-M_Mor/N, and C-M_C-M/N (Fig.  6a, white symbols) . The two nonreinforced groups, C-M_C-M/N and Cor_Mor/N, showed impairment in the spatial learning task . However, stress in tandem with morphine induced synaptic depression both in naive and after chronic morphine (2 or 20 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ; StressϩMorphine). **p Ͻ 0.01 compared between naive and chronic. b, The baseline of the field EPSP amplitude (50% maximum response) was compared between stressed and nonstressed animals. There was no significant difference in the baseline field EPSP amplitude between stressed and nonstressed animals (n ϭ 52, 2.1 Ϯ 0.1 mV, the field EPSP amplitude for stressed; n ϭ 109, 2.2 Ϯ 0.1 mV, the field EPSP amplitude for nonstressed; p Ͼ 0.05).
( Fig. 6a , inverted white triangles for C-M_C-M/N; white diamonds for Cor_Mor/N) compared with the control of nonreinforced groups, Sal_Mor/N (Fig. 6a, white squares) . This may be caused by the effect of corticosterone on spatial learning, in agreement with previous findings (de Quervain et al., 1998; Conrad et al., 1999; Mizoguchi et al., 2000) . Remarkably, C-M_Mor/R, the reinforced group previously repeated exposure to corticosterone with morphine and showed the longest delayed-escape throughout the training days (Fig. 6a, black triangles) ( p Ͻ 0.05 compared with other groups). Moreover, its counterpart, C-M_Mor/N (the nonreinforced group), performed the spatial learning task very well (Fig.  6a , white triangles) ( p Ͼ 0.05 compared with Sal_Mor/N). This suggested that previous repeated exposure to corticosterone with morphine affected neither motor activity nor cognitive function.
Extinction of the learned delayed-escape behavior was tested after withdrawal for 5, 10, and 19 d. All animals were able to escape to the hidden platform during a trial duration of 120 sec. The two reinforced groups, Mor_Mor/R and C-M_Mor/R, showed morphine-seeking behavior, as indicated by longer latencies to escape without reward, on day 15 (Fig. 6b , black circles for Mor_Mor/R; black triangles for C-M_Mor/R) ( p Ͻ 0.05 compared with other groups). Meanwhile, the two nonreinforced groups, Mor_Mor/N and C-M_Mor/N, escaped to the hidden platform very fast (Fig. 6b , white circles for Mor_Mor/N; white triangles for C-M_Mor/N) ( p Ͼ 0.05 compared with Sal_Mor/ N). Remarkably, morphine-seeking behavior in Mor_Mor/R was extinguished (Fig. 6b , Mor_Mor/R, black circles on days 20 and 29) ( p Ͼ 0.05 compared with Mor_Mor/N), but C-M_Mor/R showed persistent morphine-seeking behavior in the extinction tests on days 20 and 29 (Fig. 6b , C-M_Mor/R, black triangles on days 20 and 29) ( p Ͻ 0.05 compared with other groups). Furthermore, an escape speed that was calculated using the path length in 10 sec before the animals climbed onto the hidden platform during the extinction test was the same in the nonreinforced group (C-M_Mor/N, 22.6 Ϯ 1.3 cm/sec) as in the reinforced group (C-M_Mor/R, 21.8 Ϯ 1.1 cm/sec; p Ͼ 0.05), although the reinforced group showed significant delayed-escape behavior. This clearly indicated that neither motor activity nor motivation to escape was affected. The learned strategy during escape, such as swimming around in the initial area or somewhere might be responsible for the delayed-escape and morphine-seeking behaviors (Fig. 6, insets) .
The results on delayed-escape training during days 7-10 are summarized in Figure 6c . Net delay was calculated by subtracting the latencies of the nonreinforced group from that of its reinforced group and then expressed as mean of the net latencies over the training days 7-10. Previous exposure to corticosterone, morphine, and corticosterone with morphine significantly enhanced the net delay. Remarkably, the net delay if linearly summated that of corticosterone alone (17.4 Ϯ 2.7 sec, Cor_Mor) with that of morphine alone (23.4 Ϯ 5.9 sec, Mor_Mor) was the same as that of corticosterone with morphine (41.0 Ϯ 2.2 sec, C-M_Mor), suggesting an additive effect of corticosterone with morphine on the delayed-escape behavior.
Discussion
The main finding is that acute morphine caused synaptic potentiation in naive animals, but stress in tandem with acute morphine caused synaptic depression both in naive and addicted animals. Repeated exposure to corticosterone with morphine during the initial phase of opiate use promoted remarkably later delayed-escape and morphine-seeking behaviors after withdrawal. These observations suggest possible mechanisms of corticosterone on opiate addiction.
Delayed-escape paradigm of the Morris water maze
The Morris water maze is used widely for studying the mechanisms of hippocampal function in learning and memory (Morris et al., 1982; Bliss and Collingridge, 1993; Martin et al., 2000) . An animal can readily learn to escape to a hidden platform in a short time if cognitive function, motor activity, and motivation are not disturbed. In the present studies, an animal was trained to per- Figure 6 ._Corticosterone with morphine on a delayed-escape paradigm of the Morris water maze. a, Delayed-escape was significantly enhanced by previous exposure to morphine, corticosterone, or corticosterone with morphine, indicated by the longer mean latencies to escape (black symbols; n ϭ 5; p Ͻ 0.05 Mor_Mor/R compared with Mor_Mor/N; n ϭ 6; p Ͻ 0.01 Cor_Mor/R compared with Cor_Mor/N; n ϭ 6; p Ͻ 0.01 C-M_Mor/R compared with C-M_Mor/N; n ϭ 6; p Ͻ 0.05 on days 9 -10 C-M_C-M/R compared with C-M_C-M/N; F (9,45) ϭ 16.1, F (9,45) ϭ 28.6, F (9,45) ϭ 13.0, F (9,45) ϭ 11.0 for days 7-10, respectively), but not by previous saline exposure (n ϭ 5; p Ͼ 0.05 Sal_Mor/R compared with Sal_Mor/N; p Ͻ 0.05 compared with other reinforced groups; F (9,45) ϭ 16.1, F (9,45) ϭ 28.6, F (9,45) ϭ 13.0, F (9,45) ϭ 11.0 for days 7-10, respectively). On the other hand, spatial learning was impaired in the group randomly rewarded with corticosterone with morphine after previous exposure to corticosterone with morphine (n ϭ 6; p Ͻ 0.05 C-M_C-M/N compared with Sal_Mor/N; F (9,45) ϭ 16.1, F (9,45) ϭ 28.6, F (9,45) ϭ 13.0 for days 7-9, respectively) and in the group randomly rewarded with morphine after previous exposure to corticosterone (n ϭ 6; p Ͻ 0.05 Cor_Mor/N compared with Sal_Mor/N; F (9,45) ϭ 28.6, F (9,45) ϭ 13.0, F (9,45) ϭ 11.0 for days 8 -10, respectively). However, other nonreinforced groups performed the spatial learning task very well (white symbols; p Ͼ 0.05 cross groups compared with Sal_Mor/N). b, The reinforced groups, previously exposed to corticosterone or saline and later rewarded with morphine, and previously exposed to corticosterone with morphine and later rewarded with corticosterone with morphine, did not show morphine-seeking behavior after withdrawal for 5 d (Cor_Mor/R, Sal_Mor/R and C-M_C-M/R). However, the reinforced group, Mor_Mor/R, showed morphineseeking behavior, as indicated by longer latencies to escape without reward, after withdrawal for 5 d but not 10 and 19 d, and a priming injection failed to reinstate on day 29 (n ϭ 5; F (9,45) ϭ 9.8 on day 15, p Ͻ 0.05; F (9,45) ϭ 5.2 on day 20, F (9,45) ϭ 14.2 on day 29; p Ͼ 0.05 compared with Mor_Mor/N; p Ͻ 0.05 compared with C-M_Mor/R). Remarkably, persistent morphineseeking behavior was found in the reinforced group, C-M_Mor/R, over the post-training period (n ϭ 6; p Ͻ 0.05 C-M_Mor/R compared with other groups; F (9,45) ϭ 9.8, F (9,45) ϭ 5.2, F (9,45) ϭ 14.2 for days 15, 20, and 29, respectively) . c, Net delay was calculated by subtracting the latencies of the nonreinforced group from that of its counterpart, the reinforced group, and then expressed as the mean of the net latencies over training days 7-10. Net delay was clearly enhanced by previous exposure to corticosterone with morphine, corticosterone, and morphine but not by previous exposure to saline (0.6 Ϯ 2.2 sec for Sal_Mor; 17.4 Ϯ 2.7 sec for Cor_Mor; 23.4 Ϯ 5.9 sec for Mor_Mor; 41.0 Ϯ 2.2 sec for C-M_Mor; 6.9 Ϯ 2.1 sec for C-M_C-M). *p Ͻ 0.05 compared with Sal_Mor. Insets, Animals escape directly to the hidden platform in nonreinforced groups, e.g., C-M_Mor/N; animals swim slowly somewhere away from the hidden platform for a while and then rapidly escape to the hidden platform in the reinforced group, C-M_Mor/R, during the extinction test. form the spatial learning task and encouraged to learn delayedescape by morphine reward when the animal avoided escape in 60 sec. Clearly, it is not the forced-swim test, a model of depression/ anxiety induced by prolonged swimming (e.g., 30 min) in cold water and by despair of no escape. Previous exposure to corticosterone, morphine, and corticosterone with morphine later enhanced the morphine-reinforced delayed-escape behavior. Furthermore, the randomly rewarded nonreinforced group, a counterpart of the reinforced group, had the same previous exposure and later performed the spatial learning task with the same reward and had provided the information of motor activity and cognitive function for the reinforced group. Most of the nonreinforced groups performed the spatial learning task very well, under conditions such as the dose of morphine, the time of corticosterone exposure, and the stress in behavioral training. However, two nonreinforced groups showed impaired spatial learning, probably because of the combinatorial reward of corticosterone with morphine or previous exposure to corticosterone. Thus, the net delay, subtracting the latencies of the nonreinforced group from its reinforced group over the training period, made the comparison of the delayed-escape behavior between groups comparable and reliable (Fig. 6c) .
Reinforcing effect and associative learning
Previous repeated exposure to saline did not cause delayedescape by low doses of morphine reward. However, low doses of morphine effectively rewarded delayed-escape after previous repeated exposure to corticosterone, morphine, and corticosterone with morphine. From one point of view, previous exposure may enhance the reinforcing effect of morphine to cause delayedescape, which may be consistent with the incentive-sensitization theory of addiction (Robinson and Berridge, 2000) and previous findings of the sensitization to drugs (Deroche et al., 1995; Rouge-Pont et al., 1995; Scheggi et al., 2000) . On the other hand, the glucocorticoid receptor seems to be a requisite for the longterm storage of information, although it has not been fully understood why and when the effect of stress or glucocorticoids on learning and memory produce impairment, enhancement, or no effect (Shors et al., 1992; McEwen, 1994; de Kloet et al., 1999; Diamond et al., 1999; Sapolsky, 2000; Lupien and Lepage, 2001; Payne et al., 2002; Yang et al., 2003) . Here, corticosterone likely enhances or impairs associative learning, depending on when it is administered, out of context during the addictive training or in context during the delayed-escape training. It is important to note the difference that the reinforced group, C-M_C-M/R, was rewarded with corticosterone with morphine to assess the combinatorial effect after previous repeated exposure, but other groups were rewarded with morphine to assess the effect of previous exposure. Corticosterone given in context may interrupt both the delayed-escape behavior and spatial learning. This is in agreement with previous findings that stress or corticosterone impairs spatial learning and memory retrieval in the Morris water maze (Diamond et al., 1996; de Quervain et al., 1998; Conrad et al., 1999; Yang et al., 2003) .
Corticosterone with morphine on delayed-escape and morphine-seeking behaviors It is very interesting that previous repeated exposure to corticosterone with morphine not only enhanced later delayed-escape behavior but also caused persistent morphine-seeking behavior after withdrawal. Mechanically, this could arise in at least two different ways. The combinatorial exposure could cause the strongest reinforcing effect on later morphine reward through an additive mechanism (Fig. 6c) , leading to a slower rate of extinction. This may explain the difference of C-M_Mor/R, Cor_Mor/R, and Mor_Mor/R in delayed-escape and morphine-seeking behaviors after withdrawal, and a priming injection of morphine unable to reinstate delayed-escape behavior. Meanwhile, the previous combinatorial exposure to corticosterone with morphine could enhance the sensitivity of the animals to stress or glucocorticoids to enable withdrawal stress to trigger morphine-seeking behavior and to exacerbate the impairing effect of corticosterone on associative learning in the combinatorial reward during delayed-escape training. Alternatively, the previous combinatorial exposure was out of context and could enhance later associative learning to form the strongest memories of delayed-escape (such as the strategy to escape) (Fig. 6, insets) to preclude extinction learning. Conversely, the later combinatorial reward was in context and could impair associative learning. These mechanisms probably occur, jointly promoting the persistent delayed-escape and morphine-seeking after withdrawal.The mechanisms underlying this curious finding are not clarified, but the mechanism of hippocampal synaptic plasticity in the effects of stress or glucocorticoids on opiate addiction, such as the one described currently, may well have contributed to them.
Hippocampal synaptic plasticity in the effects of stress or glucocorticoids on opiate addiction A wealth of evidence has revealed that stress or glucocorticoids interact with drug addiction, thus increasing drug use, drug seeking, and relapse (Erb et al., 1996; Piazza and Le Moal, 1996; Shaham et al., 2000; Stewart, 2000 Stewart, , 2003 Sinha, 2001; DerocheGamonet et al., 2003; Kauer, 2003; Saal et al., 2003; Sutton et al., 2003) . The underlying mechanisms are believed to involve many brain areas, such as the ventral tegmental area and nucleus accumbens, but some may also involve the hippocampus. The hippocampus is enriched with glucocorticoid receptors and is crucially involved in regulating stress effects on synaptic plasticity and learning and memory (Shors et al., 1989; Oitzl and de Kloet, 1992; Pavlides et al., 1996; Xu et al., 1997; de Quervain et al., 1998; McEwen, 1999; Kim and Diamond, 2002) . On the other hand, both synaptic plasticity (Terman et al., 1994; Little and Teyler, 1996; Mansouri et al., 1999; Pu et al., 2002) and behavioral studies (Fan et al., 1999; Lu et al., 2000; Mitchell et al., 2000) support the view that the hippocampus is involved in opiate addiction, and in other drugs addiction as suggested recently (White, 1996; Berke and Hyman, 2000; Hyman and Malenka, 2001; Nestler, 2001a; Vorel et al., 2001 ).
The present findings have revealed that acute morphine causes synaptic potentiation, but chronic morphine leads to the tolerance of acute morphine to induce synaptic potentiation. Stress with morphine induces synaptic depression both in naive morphine and after chronic morphine. Corticosterone with morphine during the initial phase of opiate use promotes later delayed-escape and morphine-seeking behaviors after withdrawal. Because hippocampal synaptic plasticity plays important roles in learning and memory (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999; Martin et al., 2000) , both the synaptic potentiation and depression may be maladaptively usurped by opiate addiction (Berke and Hyman, 2000; Hyman and Malenka, 2001; Ungless et al., 2001; Saal et al., 2003) to produce persistent delayed-escape and morphine-seeking behaviors. Stress alone does not affect basal synaptic transmission (Fig. 5b) , but it may induce other changes, such as theta rhythm in the hippocampus (Simonov and Rusalova, 1980; Balleine and Curthoys, 1991; Yamamoto, 1998) . A recent finding has demonstrated that thetaburst stimulation in the hippocampus may read out the memo-ries and induce relapse (Vorel et al., 2001) . Thus, the stressrelated theta activity may also be involved in the initiation of the synaptic depression. The hippocampal function in memory has assumed that neuronal information is encoded and stored at a low density and in a widely distributed manner, thus increasing its storage capacity (Gluck and Myers, 1997) . A redistribution of synaptic efficacy provides a learning mechanism with little net change in synaptic weight (Miller, 1996) to detect and store new information effectively (Xu et al., 1998b) . Perhaps strengthening synaptic connections, and meanwhile raising stress levels of glucocorticoids (Buckingham and Cooper, 1984; Pirnik et al., 2001) , and then eliciting synaptic depression during the initial phase of opiate use could endow the system with enhanced combinatorial plasticity (Dudai, 1996) , usurped strongly by opiate addiction. Conversely, eliciting synaptic depression but inability to strengthen synaptic connections, presumably after stresstriggered opiate relapse, could restrain the system in consequential learning.
